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ABSTRACT
We study the behaviour of the dynamical and stellar mass inside the effective
radius (re) of early-type galaxies (ETGs). We use several samples of ETGs -ranging
from 19 000 to 98 000 objects- from the ninth data release of the Sloan Digital Sky
Survey. We consider Newtonian dynamics, different light profiles and different Initial
Mass Functions (IMF) to calculate the dynamical and stellar mass. We assume that
any difference between these two masses is due to dark matter and/or a non Universal
IMF. The main results for galaxies in the redshift range 0.0024 < z < 0.3500 and in
the dynamical mass range 9.5 < log(M) < 12.5 are: i) A significant part of the intrinsic
dispersion of the distribution of dynamical vs. stellar mass is due to redshift. ii) The
difference between dynamical and stellar mass increases as a function of dynamical
mass and decreases as a function of redshift. iii) The difference between dynamical and
stellar mass goes from approximately 0% to 70% of the dynamical mass depending on
mass and redshift. iv) These differences could be due to dark matter or a non Universal
IMF or a combination of both. v) The amount of dark matter inside ETGs would be
equal to or less than the difference between dynamical and stellar mass depending
on the impact of the IMF on the stellar mass estimation. vi) The previous results go
in the same direction of some results of the Fundamental Plane (FP) found in the
literature in the sense that they could be interpreted as an increase of dark matter
along the FP and a dependence of the FP on redshift.
Key words: Galaxies: fundamental parameters, photometry, distances and redshifts.
Cosmology: dark matter.
1 INTRODUCTION
The measurement of masses of galaxies has been, over a long
period of time, an interesting and difficult problem, which
has elicited the application of various and diverse tech-
niques (Spinrad & Peimbert 1975; Burbidge & Burbidge
1975; Sofue & Rubin 2001; Simon & Geha 2007). Since the
determination of rotation curves for a large number of spi-
ral galaxies (Sofue & Rubin 2001) and the suggestion that
these rotation curves are flat because of the presence of an
unseen amount of mass which has been called ‘dark matter’,
⋆ E-mail: anigoche@gmail.com
the determination of the mass of all types of galaxies has
become a pressing concern of modern Astronomy. It is fair
to say at this point that there is no direct evidence of the ex-
istence of dark matter and that there are other explanations
which, although not as currently popular as dark matter,
may explain the observations quite reasonably.
The total mass of a galaxy is composed of two elements;
luminous matter and dark matter. If we assume that both
luminous and dark matter respond to the Newtonian grav-
itational law in the same way, then the difference between
the dynamical mass and the luminous mass of a galaxy pro-
vides us with an estimation of the amount of dark matter
present in the galactic system in question. From such a de-
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termination we would be able to study if a dependence of the
amount of dark matter with dynamical mass and/or redshift
exists.
Measuring the amount of radiation from a particular
galaxy, combined with typical mass to light ratios (M/L)
that have been calibrated using different stellar samples in
our own Galaxy, allows us to estimate its stellar, gas and
dust content. Moreover, rotation curves for spiral galaxies
permit the calculation of dynamical mass inside any radius
for which a value of rotation velocity is known, allowing us,
in principle, to calculate from these two determinations the
amount of dark matter present in the galaxy under study.
As is well known, rotation velocity curves are used for study-
ing the kinematics of galaxies, determining the amount and
distribution of mass interior to a given radius, to derive an
insight into galactic evolutionary histories and the possible
role that interactions with other systems may have played.
Since rotation curves may be obtained at different wave-
lengths they provide information as to the kinematics of dif-
ferent constituents of a galaxy. They may be observed in the
infrared as well as in the optical, which may be used to trace
ionised gas and the stellar motions, also in the radio and mi-
crowave regimes which trace the neutral and molecular gas
components of a galaxy.
Recently, stellar population synthesis models have been
used to calculate galactic masses. These models also give us
an idea of the total stellar content of a galaxy as well as the
distribution of stars of all the different spectral types and
luminosity classes (Auger et al. 2010; Barnabe` et al. 2011;
Sonnenfeld et al. 2012).
Dynamical theoretical models can also be used to cal-
culate masses for early-type galaxies (ETGs), such as those
which van der Marel (1991) constructed for 37 bright el-
liptical galaxies. From these models he found an average
(M/L)B = (5.93 ± 0.25)h50. Discrepancies of the observed
velocities in the outer parts with those predicted by the mod-
els may be explained by the inclusion of massive dark haloes.
Gerhard et al. (2001) performed dynamical studies of
the shapes of line-profiles for 21 elliptical galaxies; they used
them to investigate the dark halo properties and dynamical
family relations of these galaxies. They appear to have mini-
mal haloes implied from the fact that the ratio M/LB turned
out maximal. Some of these galaxies showed no dark matter
within 2re. Cappellari et al. (2006) investigated the correla-
tions between the mass-to-light M/L ratios of 25 elliptical
and lenticular galaxies. Field and cluster galaxies presented
no difference, and their dark matter content within an ef-
fective radius re was ∼ 30% of the total mass contained
there. It appeared that the amount of dark matter corre-
lates with galactic rotation velocity; in the sense that more
massive slow-rotating galaxies contain less dark matter that
the fast-rotating galaxies.
There have been many papers in which dynamical ar-
guments are used to calculate the dynamical mass of galax-
ies, and hence, by comparison with the amount of luminous
mass, they calculate the amount of dark matter present, see
for example: Thomas et al. (2007), Williams et al. (2009),
Thomas et al. (2011), Cappellari et al. (2013) to mention a
few. Also check the detailed introduction to this topic pub-
lished in Nigoche-Netro et al. (2015).
The gravitational lens phenomenon provides direct and
precise measurements of masses of galaxies at different
scales, and allows us to establish the nature and pres-
ence of dark matter in a galactic system. Elliptical galaxies
have been considered to have extended dark-matter massive
haloes (Treu 2010) that follow the Navarro et al. (1996) den-
sity profiles. Bertin & Stiavelli (1993) and Humphrey et al.
(2006) have studied the kinematics of different components
in nearby elliptical systems and have concluded that dark
matter haloes are required to explain the dynamics of mas-
sive elliptical galaxies, provided that Newtonian gravity be
valid at these scales.
Galactic mass determinations have also been made us-
ing weak and strong lensing observations (Lagattuta et al.
2010; Hoekstra et al. 2005; Gavazzi et al. 2007).
The fraction of total mass in the form of dark mat-
ter in ETGs, fDM , appears to increase with growing ra-
dius reaching values of ∼ 70% at five effective radii
(Treu & Koopmans 2004). Furthermore, fDM within a fixed
radius seems to grow with galaxy stellar mass and with
velocity dispersion (Tortora et al. 2009; Napolitano et al.
2010; Graves & Faber 2010; Auger et al. 2010a). fDM varies
from small values as in the case of bright giant ellipti-
cal galaxies (Romanowsky et al. 2003) to very large val-
ues, as has been found for dwarf spheroidal galaxies by
Simon & Geha (2007). Studies of the Virgo giant ellipti-
cal galaxy NGC 4949 (M60) by Teodorescu et al. (2011)
reveal that the kinematics of Planetary Nebulae in this ob-
ject is consistent with the presence of a dark matter halo
with fDM ∼ 0.5 for r = 3re. De Bruyne et al. (2001) pre-
sented three-integral axisymmetric models for NGC 4649
and NGC 7097 and concluded that the kinematic data for
NGC 4649 only require a small amount of dark matter, how-
ever Das et al. (2011) determine fDM ∼ 0.78 at r = 4re for
NGC 4649.
Using gravitational lensing experiments,
Koopmans et al. (2006) find a projected dark matter
fraction of < fDM >= 0.25 ± 0.06 for 15 ETGs, while
Barnabe` et al. (2011) studying sixteen early-type lens
galaxies determine the lower limit for dark matter fDM
inside the effective radius. The median value for this
fraction is 12% with variations from almost 0 to up to 50%.
As mentioned above, direct detection of dark matter
has not been achieved yet. Its presence requires the va-
lidity of Newtonian gravity. If we were to assume that
at these very low acceleration regimes Newtonian gravity
is not valid or may be slightly modified (Milgrom 1983)
then further developments have explained several phenom-
ena without the need of dark matter e.g. spiral galax-
ies, flat-rotation curves (Sanders & McGaugh 2002), pro-
jected surface density profiles and observational parame-
ters of the local dwarf spheroidal galaxies (Herna´ndez et al.
2010; McGaugh & Wolf 2010; Kroupa et al. 2010), the rel-
ative velocity of wide binaries in the solar neighbour-
hood (Herna´ndez et al. 2012), fully self-consistent equilib-
rium models for NGC 4649 (Jime´nez et al. 2013) and refer-
ences within among others.
In this paper we present a study of luminous and dy-
namical mass inside the effective radius of ETGs consider-
ing Newtonian dynamics. We search for differences between
these masses and assume that any difference is due to dark
matter or a non-Universal IMF or a combination of both.
The structure of this study is as follows; in §2 we present
the sample of ETGs used in this work, in §3 we discuss the
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calculation of the stellar and virial masses for the galaxies
in the sample, in §4 we discuss the distribution of stellar
mass as a function of virial mass, in §5 and §6 we outline
the difference between virial and stellar mass as a function
of mass and redshift, in §7 we discuss our results in the
Fundamental Plane context and finally in §8 we present the
conclusions.
2 THE SAMPLE OF ETGS
We use a sample of ETGs from the Ninth Data Release
(DR9) of the Sloan Digital Sky Survey (SDSS) (York et al.
2000; Abazajian et al. 2009; Aihara et al. 2011) and two
subsamples of it, all of them in the g and r filters. These
samples were compiled by and described in great detail in
Nigoche-Netro et al. (2015). Here we shall describe briefly
the selection criteria used.
1) The brightness profile of the galaxy must be well
adjusted by a de Vaucouleurs profile, in both the g and r
filters (fracdevg = 1 and fracdevr = 1 according to the SDSS
nomenclature).
2) The de Vaucouleurs magnitude of the galaxies must
be contained in the interval 14.5 < mr,dev < 17.5 and its
equivalent in the g filter.
3) The quotient of the semi axes (b/a) for the galaxies
must be larger than 0.6 in both filters g and r.
4) The galaxies must have a velocity dispersion of σ0 >
60 km/s and a signal-to-noise ratio (S/N) > 10.
The main sample is called “Total-SDSS-Sample”. It
contains approximately 98000 galaxies, is distributed in a
redshift interval 0.0024 < z < 0.3500 and within a mag-
nitude range < ∆M > ∼ 7 mag (−17.5 > Mg > −24.5).
The first subsample is named “The-Morphological-Sample”.
The main characteristic of The-Morphological-Sample is
that the selection criteria for the morphological classifi-
cation are more rigorous than in the Total-SDSS-Sample,
due to the fact that Nigoche-Netro et al. (2015) use the
morphological classification from the Galaxy Zoo project
(see Lintott et al. (2008)). With these added criteria they
obtain approximately 27,000 ETGs. The last subsample
is named “The-Homogeneous-SDSS-Sample”. In this case
Nigoche-Netro et al. (2015) consider a volume limited sam-
ple (0.04 6 z 6 0.08) with the objective of obtaining a
complete sample in the bright end of the magnitude range.
In this volume they obtain approximately 19 000 ETGs. This
subsample covers a magnitude range < ∆M > ∼ 4.5 mag
(−18.5 > Mg > −23.0) and is approximately complete for
Mg 6 −20.0 (see Nigoche-Netro et al. 2015 for details).
The photometry and spectroscopy of the samples of
galaxies were corrected due to different biases. Below we
list these corrections:
• Seeing correction: The seeing-corrected parameters
were obtained from the SDSS pipeline.
• Extinction correction: The extinction correction values
were obtained from the SDSS pipeline.
• K correction: The K correction was obtained from
Nigoche-Netro et al. (2008).
• Cosmological dimming correction: The cosmological
dimming correction was obtained from Jørgensen et al.
(1995a).
• Evolution correction: The evolution correction was ob-
tained from Bernardi et al. (2003b).
• Effective radius correction: The effective radius cor-
rection to the rest reference frame was obtained from
Hyde & Bernardi (2009).
• Aperture correction to the velocity dispersion: The ve-
locity dispersion inside the radius subtended by the SDSS
fibre was corrected using the aperture correction from
Jørgensen et al. (1995b).
3 THE STELLAR AND VIRIAL MASS OF THE
ETGS
We use the stellar and virial masses obtained in
Nigoche-Netro et al. (2015). Here we shall describe briefly
the procedure used to calculate those masses and some terms
that are important for the present work.
3.1 The stellar mass
The total stellar mass was obtained by Nigoche-Netro et al.
(2015) considering different stellar population synthesis
models, using a universal IMF (Salpeter or Kroupa) and
different brightness profiles (de Vaucouleurs or Se´rsic). The
combination of these ingredients results in three mass esti-
mations, as follows:
i) de Vaucouleurs Salpeter-IMF stellar mass.
ii) Se´rsic Salpeter-IMF stellar mass.
iii) Kroupa-IMF stellar mass.
According to Schulz et al. (2010), within a sphere of
radius equal to re, 42% of the total stellar mass is contained.
The stellar masses described before assume a universal
IMF. However, some papers in the astronomical literature
claim that the IMF is not universal but rather it depends on
the stellar mass (Cappellari et al. 2012; Dutton et al. 2013).
We do not correct the stellar mass for the behaviour of the
IMF as a function of mass because there is no accurate equa-
tion describing this effect. Since our results have to take into
account this effect, we will discussed them in the subsequent
sections.
3.2 The virial mass
The total virial mass was obtained by Nigoche-Netro et al.
(2015) using an equation from Poveda (1958). This method
assumes Newtonian mechanics and virial equilibrium for the
galaxies in question. The equation is as follows:
Mvirial ∼ K
reσ
2
e
G
, (1)
where the variables Mvirial, re and, σe represent re-
spectively the total virial mass, the effective radius and the
velocity dispersion inside re. G stands for the gravitational
constant and K is a scale factor. For the de Vaucouleurs
profile case K = 5.953 (Cappellari et al. 2006). The amount
of mass within an effective radius corresponds to 0.42 times
the value calculated from equation (1). This mass may or
may not be luminous.
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The errors calculated for the different parameters re-
ported in this paper are obtained using the rules of er-
ror propagation and considering possible systematics on the
photometric and spectroscopic parameters as discussed in
detail by Nigoche-Netro et al. (2015).
In the following sections, and taking into consideration
only the region internal to re, we will carry out an analysis
of the behaviour of the virial vs. stellar mass.
4 DISTRIBUTION OF THE STELLAR MASS
AS A FUNCTION OF THE VIRIAL MASS
OF ETGS
In Nigoche-Netro et al. (2015) we have made a complete
analysis of the distribution of the stellar mass with respect
to the virial mass for ETGs samples. In this section we
present an extract of that analysis only with the relevant
information for the goals of the present work. Figure 1 is
the most important part of the extract because it shows
the comparison of viral and stellar mass for each galaxy in
our samples. In this figure, Column 1 represents the Total
sample, Column 2 the Morphologic sample and Column 3
the Homogeneous sample. The rows correspond to different
profiles and IMFs, being the first one associated with the
de Vaucouleurs Salpeter-IMF stellar mass, the second with
the Sersic Salpeter-IMF stellar mass and the third with the
Kroupa-IMF stellar mass. The solid line is the one-to-one
line.
Nigoche-Netro et al. (2015) discuss different procedures
to analyse the distribution of masses shown in Figure 1 con-
sidering that the mentioned distribution may depend on ob-
servational biases, on physical properties of the galaxies,
and on arbitrary cuts performed in the observed samples
(see also Nigoche-Netro et al. 2008, 2009, 2010, 2011). Those
procedures may be helpful in investigating whether there is
dark matter inside ETGs. Particularly they found that the
application of the weighted bisector fit (WBQ fit) to the
mean value of the distribution at quasi-constant mass, re-
sults in a reduction of the possible biases which may creep
in the process (for details see section 7.3 of Appendix A
from Nigoche-Netro et al. 2015). This method is only a first
approximation to the study of dark matter inside ETGs be-
cause the distribution of masses seen in Figure 1 have a high
intrinsic dispersion and the physical causes of the intrinsic
dispersion are at present yet unknown. Refinements to this
method must be sought for in the physical causes of the
intrinsic dispersion seen in the mass distributions.
5 DIFFERENCES BETWEEN VIRIAL AND
STELLAR MASS. PROCEDURE 1
In the previous section we have mentioned that there are
different procedures to analyse the properties of our ETGs
samples. In particular, we can study the difference between
the virial and stellar mass using the mass distribution of the
samples and the WBQ fit. To obtain the parameters of the
linear regression (WBQ fit) for the different ETGs samples
we use the Nigoche-Netro et al. (2015) procedure as follows:
• We calculate the mean value of the logarithm of stellar
mass at quasi-constant logarithm of virial mass.
• We calculate the mean value of the logarithm of virial
mass at quasi-constant logarithm of stellar mass.
• We perform a linear regression (WBQ fit) to the pre-
viously mentioned mean values.
The term quasi-constant mass in this context means
mass intervals in the logarithm of width equal to 0.1.
In Figure 2 we show a mosaic of the behaviour of the
stellar mass with respect to the virial mass for the ETGs
Total (Column 1), Morphologic (Column 2) and Homoge-
neous (Column 3) samples. The first row corresponds to the
de Vaucouleurs Salpeter-IMF stellar mass, the second one
corresponds to the Se´rsic Salpeter-IMF stellar mass and the
third one corresponds to the Kroupa-IMF stellar mass. Each
graph shows the mean values of the luminous mass distri-
bution at quasi-constant virial mass (black dots), the mean
values of the virial mass distribution at quasi-constant stel-
lar mass (blue squares) and the WBQ fit (dashed line) to
both point distributions. The solid line is the one-to-one line.
In Table 1 we show the results of the WBQ fit to the
different samples of ETGs. The difference between virial
and stellar mass shown has been obtained considering the
slope and the zero point of the fit for each sample. For each
value of virial mass we calculated the stellar mass and the
average, maximum and minimum differences among these
masses. The mean error in the average, maximum and mini-
mum values of the difference between log(Mvirial/M⊙) and
log(M∗/M⊙) is approximately 0.12. From Table 1 we find
the following:
• The average difference between log(Mvirial/M⊙) and
log(M∗/M⊙) considering the samples with Salpeter-IMF
stellar mass is 0.380, whereas if we consider Kroupa-IMF
stellar mass profiles the average difference is 0.281. This
seems to indicate that the estimated difference between
masses is affected by the IMF used in the calculation of
luminous mass. However the mentioned difference seems to
be due to the zero point because the slopes of the samples
are similar.
• Considering only those samples where the masses were
obtained using de Vaucouleurs profiles the average difference
is 0.376, whereas if we consider Se´rsic profiles the average
difference is 0.384. This seems to indicate that the estimated
difference between masses is not affected by the profile used
in the calculation of luminous and virial mass. This result is
confirmed by the slopes of the samples which are similar.
• If we consider only samples in large intervals of red-
shift (total and morphological samples) the average differ-
ence is 0.348, whereas if we consider only the sample re-
stricted in redshift (homogeneous sample) the average dif-
ference is 0.344. This seems to indicate that the average
difference between masses is similar when we move from a
wide to a narrow redshift interval. However the slopes of the
samples seems to refute this result.
The previous results are in agreement with the results
found by Nigoche-Netro et al. (2015) . However, the com-
parison of the mean values of the difference in masses could
mask the real behaviour of the samples because the mid-
points of two straight lines could be similar even if the slopes
of those straight lines are different. So it is necessary to
compare the masses in a different way considering that the
c© 2012 RAS, MNRAS 000, 1–??
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Figure 1. Distribution of the virial and stellar mass from the Total (column 1), Morphologic (column 2) and Homogeneous (column 3)
samples. The first row corresponds to the de Vaucouleurs Salpeter-IMF stellar mass, the second one corresponds to the Se´rsic Salpeter-
IMF stellar mass and the third one corresponds to the Kroupa-IMF stellar mass. The solid line is the one-to-one line.
Table 1. Equations from the WBQ fit to the different ETGs samples (see Figure 2) and difference between virial and stellar mass. The
mean error in minimum, maximum and mean values of the difference between log(Mvirial/M⊙) and log(M∗/M⊙) is approximately
0.12.
Name of the sample Equation of the fit Difference between virial and stellar mass
Total samples Minimum Maximum Mean
de Vaucouleurs Salpeter-IMF stellar mass log(M∗/M⊙) = (0.885± 0.085) log(Mvirial/M⊙) + (0.905± 0.093) 0.187 0.532 0.360 a
Se´rsic Salpeter-IMF stellar mass log(M∗/M⊙) = (0.861± 0.086) log(Mvirial/M⊙) + (1.140± 0.133) 0.180 0.597 0.389 b
Kroupa-IMF stellar mass log(M∗/M⊙) = (0.874± 0.083) log(Mvirial/M⊙) + (1.101± 0.084) 0.096 0.474 0.285 c
Morphological samples
de Vaucouleurs Salpeter-IMF stellar mass log(M∗/M⊙) = (0.912± 0.086) log(Mvirial/M⊙) + (0.577± 0.100) 0.259 0.523 0.391 d
Se´rsic Salpeter-IMF stellar mass log(M∗/M⊙) = (0.858± 0.091) log(Mvirial/M⊙) + (1.184± 0.192) 0.167 0.594 0.380 e
Kroupa-IMF stellar mass log(M∗/M⊙) = (0.902± 0.084) log(Mvirial/M⊙) + (0.794± 0.089) 0.137 0.431 0.284 f
Homogeneous samples
de Vaucouleurs Salpeter-IMF stellar mass log(M∗/M⊙) = (0.815± 0.086) log(Mvirial/M⊙) + (1.658± 0.100) 0.0995 0.654 0.377 g
Se´rsic Salpeter-IMF stellar mass log(M∗/M⊙) = (0.845± 0.088) log(Mvirial/M⊙) + (1.324± 0.154) 0.150 0.616 0.383 h
Kroupa-IMF stellar mass log(M∗/M⊙) = (0.847± 0.085) log(Mvirial/M⊙) + (1.410± 0.095) 0.0435 0.5025 0.273 i
difference in mass could depend on other variables such as
mass and/or redshift.
From Table 1 we can see that, if we consider all the sam-
ples, the average difference between the maximum and min-
imum values for log(Mvirial/M⊙) - log(M∗/M⊙) is 0.401.
This relatively large difference as well as the equations cor-
responding to Table 1 suggest that there is a dependence
of the log(Mvirial/M⊙) - log(M∗/M⊙) on virial and stellar
mass. This behaviour can be easily seen in Figure 3 where,
for all samples, the difference between virial and stellar mass
depends on virial mass. From Figure 3, it is interesting to
note that the behaviour of the samples with different IMF-
stellar mass is similar, although with different zero points.
A similar behaviour also occurs when we consider different
profiles. Also from Figure 3, it is important to note that
the slope for the restricted in redshift sample (homogeneous
sample) is steeper than the slope for the samples in large
intervals of redshift. That is to say, the difference between
virial and stellar mass seems to depend on redshift. The be-
haviour of the differences between virial and stellar mass as
c© 2012 RAS, MNRAS 000, 1–??
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Figure 2. Distribution of the mean values of the virial and stellar mass from the Total (column 1), Morphologic (column 2) and
Homogeneous (column 3) samples. The first row corresponds to the de Vaucouleurs Salpeter-IMF stellar mass, the second one corresponds
to the Se´rsic Salpeter-IMF stellar mass and the third one corresponds to the Kroupa-IMF stellar mass. The black dots represent the mean
values of the stellar mass at quasi-constant virial mass and the blue squares represent the mean values of the virial mass at quasi-constant
stellar mass. The dashed line corresponds to the WBQ fit. The solid line is the one-to-one line.
a function of mass and redshift requires a deeper analysis
which we will address in the following section.
6 DIFFERENCES BETWEEN VIRIAL AND
STELLAR MASS. PROCEDURE 2
In the previous section we have found that the difference
between virial and stellar mass depends on mass and seems
to depend on redshift. To investigate these dependences in
a deeper way we can analyse the difference in masses con-
sidering quasi-constant mass (virial and stellar) and quasi-
constant redshift. The term quasi-constant mass means mass
interval in the logarithm of width equal to 0.1. The term
quasi-constant redshift means redshift interval equal to 0.01.
In Figure 4 we can see the behaviour of the stellar mass
as a function of virial mass considering quasi-constant red-
shift for the Kroupa-IMF stellar mass sample. Each colour
and symbol represents quasi-constant redshift. The redshift
value goes from approximately zero (lower-left part of the
graph) to approximately 0.3 (upper-right part of the graph).
In this figure we can see that for the same value of the virial
mass, the stellar mass grows with redshift, that is to say, the
difference between virial and stellar mass diminishes with
redshfit. We can also see that for the high-redshift and high-
mass regime the dispersion of the distribution is lower than
in the low-mass regime of the samples. From this figure we
can see that the redshift plays an important role in the in-
trinsic dispersion seen in Figure 1.
In Figure 5 we show the difference between virial and
stellar mass as a function of virial mass considering quasi-
constant redshift for the Kroupa-IMF stellar mass sample.
The redshift value goes from approximately zero (upper-left
part of the graph) to approximately 0.3 (lower-right part of
the graph). In this graph we can see that for the same value
of the virial mass the difference between virial and stellar
mass diminishes with redshift. We can also see that the more
massive galaxies have a greater difference between virial and
stellar mass and that for the high-redshfit and high-mass
regime the dispersion of the distribution is lower than in
the low-mass regime of the samples. The difference between
virial and stellar mass at different redshift is directly related
with the dispersion seen in Figures 1 and 4.
In Figure 6 we show the behaviour of the stellar mass
as function of redshift considering quasi-constant virial mass
for the Kroupa-IMF stellar mass sample. The logarithm of
virial mass value goes from approximately 10 (lower-left part
of the graph) to approximately 12 (upper-right part of the
graph). In this graph we can see that for a constant value of
virial mass the stellar mass increases as function of redshift.
We can also see that for the high-mass regime the behaviour
of the stellar mass as a function of redshift is less steep than
in the low-mass regime of the samples. The slope of the
stellar mass as function of redshift at quasi-constant virial
c© 2012 RAS, MNRAS 000, 1–??
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Figure 3. Difference between virial and stellar mass as function of virial mass for the ETGs samples. The first row corresponds to the de
Vaucouleurs Salpeter-IMF stellar mass, the second one corresponds to the Se´rsic Salpeter-IMF stellar mass and the third one corresponds
to the Kroupa-IMF stellar mass. The mean error in the difference between log(Mvirial/M⊙) and log(M∗/M⊙) is approximately 0.12.
mass is related with the intrinsic dispersion seen in Figures
1 and 4.
From the previous results we can conclude that the red-
shift plays an important role in the intrinsic dispersion of the
distribution of log(Mvirial/M⊙) vs. log(M∗/M⊙). We also
can conclude that the difference between virial and stellar
mass, in the redshift range 0.0024 < z < 0.3500 and in the
dynamical mass range 9.5 < log(Mvirial/M⊙) < 12.5, de-
pends on mass and redshift. The difference between dynam-
ical and stellar mass increases as a function of dynamical
mass and decreases as a function of redshift. This last re-
sult is in agreement with recent works from the literature
where it is shown that the amount of dark matter could de-
pend on mass (Tortora et al. 2012; Cappellari et al. 2013)
and redshift (Tortora et al. 2014).
If we convert the data shown in figure 5 to percentages,
we find that the difference between masses goes from almost
zero to approximately 70% of the virial mass. This difference
could be due to the dark matter and/or a non universal
IMF. Therefore, the amount of dark matter, in the redshift
range 0.0024 < z < 0.3500 and in the dynamical mass range
9.5 < log(Mvirial/M⊙) < 12.5, goes from almost zero to
70% of the virial mass depending on mass and redshift and
on the impact of the IMF on the stellar mass estimation.
It is important to note that we have found similar re-
sults for the de Vaucouleurs Salpeter-IMF sample and Se´rsic
Salpeter-IMF Sample.
7 THE RELATION OF THE DIFFERENCES
BETWEEN VIRIAL AND STELLAR MASS
WITH THE FUNDAMENTAL PLANE
The results previously described can be analysed in the Fun-
damental Plane (FP) context. During the last 30 years a
lot of scientific papers about the FP have been published
(Djorgovsky & Davis 1987; Dressler et al. 1987). The FP is
a relation among the variables; effective radii (log (re)), the
effective mean surface brightness (< µ >e) and the central
velocity dispersion (log σ0), as follows:
log (re) = a log (σ0) + b < µ >e + c, (2)
where a, b and c represent scale factors.
This relation seems to be due to the virial equilibrium
of ETGs, however the theoretical and observational results
do not agree. The difference between the theoretical and
observational results is known as the tilt of the FP. There
are different explanations for the FP tilt, for example, it
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Figure 4. Behaviour of stellar mass as function of virial mass for constant redshift. Each colour and symbol represents a constant redshift.
The lower-left part of the graph (blue dots) corresponds to z ∼ 0.025 while the upper-right part of the graph (brown triangles) corresponds
to z ∼ 0.26. The difference in redshift between consecutive symbols is approximately 0.01. The mean errors for log(Mvirial/M⊙) and
log(M∗/M⊙) are approximately 0.052 and 0.065 respectively.
could be due to: the increase of M/L with L (Dressler et al.
1987; Ciotti et al. 1996), the variation of the FP parameters
with redshift (van Dokkum et al. 1998; Wuyts et al. 2004),
the variation in the homology of ETGs (non-constant K in
the virial relation -see equation 1-) (D’Onofrio et al. 2013;
Peralta de Arriba et al. 2015), the variation of the shape
of the light profile and the content and concentration of
dark matter relative to luminous matter (Ciotti et al. 1996)
among others. Some of these works have found that the
tilt could be due to a combination of several of the men-
tioned effects (Ciotti et al. 1996; Prugniel & Siemen 1997;
Pahre et al. 1998; D’Onofrio et al. 2013) which seems to be
the most plausible explanation.
Given that the FP relates dynamic variables and stellar
formation processes as log(Mvirial/M⊙) vs. log(M∗/M⊙)
does, we can extrapolate our findings to the FP. In this
sense, the mass and redshift dependence of log(Mvirial/M⊙)
- log(M∗/M⊙) found in this work go in the same direction
as the increase of the content of dark matter relative to
luminous matter along FP and the variation of the FP pa-
rameters with redshift. That is to say, our findings go in
the same direction of the ‘hybrid’ explanation to the tilt
of the FP. However we have to take into account that in
this work we consider that the dark matter follows the light
and that the scale factor K in the virial relation (see equa-
tion 1) depends only on the light profile which, according
to some authors (Ciotti et al. 1996; Koopmans et al. 2006;
Thomas et al. 2011) is not necessarily appropriate. In a
forthcoming paper we will analyse these variables and their
relation with the difference between log(Mvirial/M⊙) and
log(M∗/M⊙).
8 CONCLUSIONS
The analysis of the distribution of stellar mass with respect
to virial mass on several samples of ETGs from the SDSS
DR9 in the redshift range 0.0024 < z < 0.3500 and in the
dynamical mass range 9.5 < log(Mvirial/M⊙) < 12.5 has
yielded the following results:
• A significant part of the intrinsic dispersion of the dis-
tribution of log(Mvirial/M⊙) vs. log(M∗/M⊙) is due to red-
shift (see Fig. 4).
• The difference between dynamical and stellar mass de-
pends on mass and redshift.
• The difference between dynamical and stellar mass in-
creases as a function of dynamical mass and decreases as a
function of redshift.
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triangles) corresponds to z ∼ 0.26. The difference in redshift between consecutive symbols is approximately 0.01. The mean error of the
difference between log(Mvirial/M⊙) and log(M∗/M⊙) is approximately 0.12.
• The difference between dynamical and stellar mass goes
from almost zero to approximately 70% of the virial mass
depending on mass and redshift (see figure 5). This differ-
ence is due to dark matter or a non-universal IMF or a
combination of both.
• The amount of dark matter inside ETGs would be equal
to or less than the difference between dynamical and stellar
mass depending on the impact of the IMF on the stellar
mass estimation.
The previous results have been analysed in the FP con-
text and we have found that they go in the same direc-
tion as some FP results found in the literature in the sense
that they could be interpreted as an increase of dark mat-
ter along the FP and a dependence of the FP on redshift.
However in this work we have considered that the dark mat-
ter follows the same density profile as the stellar component
and that the scale factor K in the virial relation (see equa-
tion 1) depends only on the light profile which, according
to some authors (Ciotti et al. 1996; Koopmans et al. 2006;
Thomas et al. 2011), is not appropriate for massive and
compact galaxies respectively. In a forthcoming paper we
will analyse these variables and their possible relation with
the log(Mvirial/M⊙)-log(M∗/M⊙) difference.
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